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Synthesis of high-performance polycrystalline
metal-organic framework membranes at room temperature
in a few minutes

A route for rapid synthesis of high-performance
metal-organic framework (MOF) membranes is reported.
The crystallization is designed to maintain a high precursor
concentration around the growing nuclei, allowing for
uniform growth of MOF grains while hindering the Ostwald
ripening. Well-intergrown polycrystalline MOF membranes
with attractive gas separation performance could be
obtained at room temperature in just 8 minutes, paving the
way for the scale-up of polycrystalline MOF membranes.
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The development of a rapid and reproducible crystallization route for
the synthesis of polycrystalline metal—organic framework (MOF) films
is attractive for the scalable production of nanoporous membranes on
porous supports. Prior crystallization studies have primarily focused on
heterogeneous nucleation, and consequently, the time-consuming
growth step has been overlooked. Here, we report a crystallization
using sustained precursors (CUSP) route that maintains a high
precursor concentration in the growth step, hindering the undesired
Ostwald ripening observed in the late stage of growth. As a result,
well-intergrown polycrystalline MOF films hosting a uniform grain size
and a thickness of a few hundred nanometers could be obtained at
room temperature in just a few minutes. Attractive gas separation
performance is obtained from ZIF-8 membranes grown in 8 min with
H,/CsHg selectivity of 2433 and CsHg/CsHg selectivity of 30. The
versatility of this approach is demonstrated by synthesizing a ZIF-67
membrane, as well as for the first time, a sub-1 um-thick continuously
intergrown ZIF-90 membrane, also in a few minutes, yielding H,/CH,4
and H,/Cs;Hg selectivities of 19.2 and 107.1, respectively. Such
advances are expected to bring the scalable production of the high-
performance polycrystalline MOF membranes a step closer to reality.

Introduction

Zeolitic imidazolate frameworks (ZIFs) are a subclass of metal-
organic frameworks (MOFs) that exhibit zeolitic topology and
are characterized by relatively high thermal and chemical
stability.** Owing to the facile and reproducible crystallization
chemistry, ZIFs have been increasingly used in catalysis,*” drug
delivery,® sensors,’ storage,'™ separations,'** etc. In partic-
ular, several ZIFs host a pore aperture between 3 and 4 A,
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making them attractive for gas separation membranes.'*'* For
example, ZIF-8 and ZIF-90 hosting a crystallographically deter-
mined pore aperture of 3.4 A* and 3.5 A, respectively, and
a lattice-flexibility-induced”*® effective aperture of approxi-
mately 4.0 A and 5.0 A, have been investigated for a number of
separations including H,/CH,, CO,/CH,, CO,/N,, C3Hs/C;Hsg,
etc.»'>'%2 The superior performance of ZIFs in gas separation
has propelled intensive efforts to synthesize well-intergrown
polycrystalline submicron-thick ZIF films in a scalable way.
Generally, a synthesis route that allows rapid and reproducible
crystallization of thin, well-intergrown ZIF films is preferred. In
this respect, the traditional solvothermal crystallization route is
disadvantageous compared to recently reported vapor-phase
crystallization routes,*”*® as the synthesis time for high-quality
membranes in the former case is often several hours or days.
This is mainly because the crystallization in the solvothermal
route (dipping a substrate in a solution containing growth
precursor solution) is difficult to control with the precursor
concentration dropping as a function of time. However, at the
same time, the solvothermal crystallization is highly promising
for morphology engineering (controlling grain-size, grain-
orientation, etc.) of thin films for manipulating their
performance.>*?°

The solvothermal synthesis of a polycrystalline film on
a substrate involves the following steps: (i) nucleation or seed-
ing of crystals on the substrate, (ii) growth of nuclei/seeds, and
(iii) grain intergrowth. For applying polycrystalline ZIF films for
size-sieving, it is desirable to synthesize thin yet pinhole-free
and well-intergrown films on a porous support.** Generally,
continuous ZIF films can be synthesized by dipping the
substrate in the precursor sol in a batch mode,** however, the
thickness and uniformity of such films are difficult to control.
In such cases, to avoid pinholes, one has to synthesize films that
are several micrometers thick, sacrificing the molecular flux.
Recently, by decoupling the nucleation and the growth stages,
the synthesis of submicron pinhole-free ZIF-8 films has been
reported.'>?**”%-3° The nucleation stage involves the generation
and attachment of a high density of ZIF nuclei or seed crystals,
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for example by surface modifications,*** microwave irradia-
tion,**** electrophoretic deposition,*******” etc. This is followed
by the growth of nuclei/seeds to eliminate any intercrystallite
gaps. However, compared to the nucleation step, the growth
step has received little attention so far, and as a result, the
solvothermal crystallization is time-consuming. A route that
cuts down the growth time to a few minutes would improve the
scalability of the solvothermal route.

The growth step typically involves an extended immersion of
the seeded substrate in a precursor solution for several hours or
days. While the crystallization takes place on the substrate, it
also takes place in the bulk of the precursor solution. Specifi-
cally, in the case of ZIF-8, upon mixing the Zn salt and the 2-
methylimidazole (HmIm), an instantaneous cluster formation
takes place. The clusters rapidly (in few seconds) transform into
crystalline nanoparticles as observed by in situ X-ray scat-
tering,*® and in situ electron microscopy studies.* Naturally, as
the growth proceeds, the precursor concentration drops rapidly,
slowing down the crystallization kinetics considerably. Under
these depleted precursor conditions, the Ostwald ripening
becomes a predominant growth mechanism.*** Specifically, in
the evolution of polycrystalline film, the larger grains continue
to grow at the expense of smaller grains leading to a poor grain
intergrowth and an associated increase in the overall thickness
of the film.

We hypothesized that by sustaining the precursor concen-
tration, the Ostwald ripening of the grains can be restricted.
This can be achieved by continuously supplying precursors to
the growth environment. For example, recently Okubo and co-
workers carried out solvothermal crystallization of zeolites in
a custom-made continuous flow setup.>* Similar flow setups
have been used to obtain monodisperse MOF powders.**
Herein, we report a crystallization using sustained precursors
(CUSP) approach, involving a continuous supply of growth
precursors over a substrate and demonstrate the synthesis of
ZIF-8 membranes at room temperature in just 8 min with
superior performance. By sustaining the precursor concentra-
tion, the Ostwald ripening was effectively hindered leading to
uniformly sized grains and improved intergrowth in a short
time, confirmed by the gas transport studies with H,/C3;Hg
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selectivity of 2433 and C3;He/C3Hg selectivity of 30. The versa-
tility of this approach is demonstrated by extending CUSP for
the synthesis of ZIF-67 and hybrid ZIF-8/ZIF-67 membranes.
Also, for the first time, a high-quality submicron-thick ZIF-90
membrane could be synthesized using an aqueous precursor
solution by the CUSP approach.

Results and discussion
The CUSP approach

We start by depositing a 100-nm-thick ZIF-8 seed layer on
a porous anodic aluminum oxide (AAO) support using the
electrophoretic nuclei assembly technique (Fig. S1t).>** To
pursue the film growth, the seed layer is typically immersed in
a precursor solution in a batch mode. However, to obtain a well-
intergrown pinhole-free film especially on a porous support,
one needs to carry out the growth step for several hours.*
Typically, during this period, the seed crystals evolve into non-
uniform grains with micrometer-sized grains coexisting with
smaller grains. An example of such growth is shown in Fig. 1a
where the 100-nm-thick ZIF-8 seed layer is subjected to growth
for 10 h at room temperature. The average grain density is
approximately 3 grains per um®. The observed non-uniformity
in the grain size has its roots in the Ostwald ripening, promoted
by the depletion of the precursors (Zn** and HmIm), which in
turn results from the simultaneous nucleation and growth of
ZIF-8 in the precursor solution.

To understand the crystallization in the bulk of the precursor
solution (homogeneous nucleation and growth), we tracked the
evolution of crystals in solution using dynamic light scattering
(DLS). The crystal-size-distribution evolved from a monomodal
distribution in the initial growth stage (10 min of growth, mean
size of 30 nm) to a bimodal distribution (centered at 30 and 550
nm) in 30 min of growth (Fig. S21). At long growth time (1 h), the
bimodal distribution (centered around 30 and 1829 nm)
became dominated by micron-sized particles. The presence of
nanometer-sized crystals at the later stage of growth indicates
that nucleation continued even at 1 h. However, the initial rapid
growth that led to 550 nm particles in 30 min slowed down
significantly at the later stage. This is in accordance with the
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Fig. 1 Scanning electron microscopy (SEM) images of the ZIF-8 films and schematic illustrations of the corresponding growth mechanism. (a)
ZIF-8 films grown by soaking nuclei film in precursor solution for 10 h, and (b) ZIF-8 film by the CUSP route with a growth time of 8 min.
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typical growth stages observed for ZIF-8, i.e. a fast crystallization
at first followed by a slower growth through the Ostwald-
ripening in the precursor depleted growth solution.*®* The
depletion of the deprotonated HmIm in the precursor solution
was tracked by monitoring the pH of the growth solution.
Indeed, the pH which was initially above 9.5, decreased
continuously with time, dropping to 9.1 after 6 h of growth
(Fig. S371).

The CUSP approach circumvents the decrease in precursor
concentration, observed above for the crystallization in batch
mode. As a result, the CUSP process yields a well-intergrown
ZIF-8 film hosting a uniform grain size (Fig. 1b). This approach
addresses two rate-limiting steps of the crystal growth. First, the
depletion of the precursors is avoided by continuously with-
drawing and mixing/aging the precursors from their respective
reservoirs (Fig. 2a). Second, the precursor solution is spread
over the seeded substrate with low residence time. This ensures
that most of the precursor solution contacts the growing film
and that the precursors are primarily consumed by the nuclei
film. The combined effect of these two factors helps to maintain
a high growth rate while avoiding the transition to the Ostwald
ripening stage.

Peristaltic
pump i
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The setup of the CUSP process is as follows; the metal and
the ligand precursor solutions are delivered at a constant rate
using two peristaltic pumps to a mixing chamber (Fig. 2a). After
a predetermined mixing period, which we refer to as the dwell
time, the precursor solution is spread on top of a pre-seeded
substrate (Fig. 2b and c). The substrate is kept inclined (ca. 36°)
to achieve a small residence time of 2 s. In this way, the effects
of the dwell and the growth time on the morphology of the
resulting films were studied. Keeping the dwell time fixed at 1
min, the results of several growth times (10, 12, 15, and 20 min)
are presented in Fig. 2d-i. Intergrown films could be obtained
in 10 min, however, few pinholes are visible when using a 100
nm-sized AAO substrate. We attribute these pinholes to the
defects in the nuclei film (Fig. 2c and S17}). The defects were
eliminated by increasing the growth time to 12 min, and a well-
intergrown ZIF-8 film is obtained (Fig. 2e). The average grain

size, d, is calculated using eqn (1):
d= ]~ (1)

where p is the grain density per unit area. Unlike the conven-
tional growth (Fig. 1a), the grains were uniform in size with
a mean size of 230 nm (Fig. 2e). Micron-sized grains were not
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(a) Schematic illustration of the CUSP setup. SEM images of (b) bare AAO hosting 100 nm-sized pores, (c) ZIF-8 nuclei film on AAO, and

ZIF-8 films synthesized by the CUSP method for 10 min (d), 12 min (e and f), 15 min (g) and 20 min (h and i). (j) The ZIF-8 grain density as a function
of the growth time. The scale bars represent 1 and 0.5 pm for top-view and cross-sectional-view panels, respectively.
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observed. The pH of the precursor solution was sustained at 9.5
during the entire growth period (Fig. S3bt), which allowed
a high growth rate. With further increase in growth time, grains
continued to grow in size, increasing to 510 nm at 20 min of
growth (Fig. 2h). The film thickness followed the increase in
grain size and increased from 400 nm at 12 min (Fig. 2f) to
about 900 nm at 20 min (Fig. 2i). The increase in grain size with
the growth time is reflected by the decreasing grain density,
from 38 grains per um? at 10 min to less than 4 grains per um?>
at 20 min of growth (Fig. 2j). A growth time of 12 min was
sufficient to achieve good gas separation performance (dis-
cussed later). The grain density observed here, in 10-12 min of
growth, is an order of magnitude larger than that reported in
the literature.®® The grains become relatively less uniform at
longer growth time (Fig. 2g and h). This is because at longer
time, the growth will primarily proceed on the top part of the
intergrown grains exposed to the precursor solution. Since the
film is not oriented, the exposed portion of the grain with
varying facets tends to grow at different rates.>*** Therefore,
growth time shorter than 12 min is optimal.

The morphology of the ZIF-8 film prepared by the CUSP
approach was sensitive to the dwell time of precursors in the
mixing chamber, and a shorter dwell time led to better inter-
growth. No significant differences were observed for a dwell
time in the range of 20 s to 2 min, and well-intergrown films
were observed when grown for 12 min (Fig. 3a and b). However,
when the dwell time was increased to 3 min, a complete inter-
growth was observed only after 15 min (Fig. S4bt). To under-
stand this, the concentration of HmIm was measured as
a function of dwell time using UV-vis spectroscopy. An HmIm
concentration above 0.50 mol L' was maintained at a dwell
time below 2 min (Fig. 3c) with concentration decreasing slowly
between 20 s and 2 min. Thereafter, a sharp decrease to 0.34
mol L' was observed when the dwell time was increased to 3
min. The corresponding DLS measurements indicate that ZIF-8
crystals in the precursor solution increased in size as a function
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Fig. 3 SEM images of ZIF-8 films synthesized by 12 min of growth
using dwell time of (a) 20 s and (b) 2 min. (c) The concentration of
Hmlm as a function of dwell time, and (d) the hydrodynamic diameter
of ZIF-8 particles in the precursor solution at different dwell times. The
scale bars are 1 um.
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of the dwell time. The full width at half maximum (FWHM) of
the size-distribution also increased with the dwell time, from
31.3 nm at 20 s to 69.1 nm at 3 min (Fig. 3d). This can be
attributed to the temporal overlap between the nucleation and
growth phases.*® The larger crystals in the solution are expected
to increase the competition for the precursor solution, further
slowing down the crystal growth. Hence, a dwell time smaller
than 2 min was pursued.

The lower bound for the growth time to obtain a well-inter-
grown ZIF-8 film could be further reduced to 8 min (Fig. 1b)
when using a porous support with a smaller pore size (20 nm).
This is attributed to an improved nuclei film with fewer inci-
dences of uncoated support surface (Fig. S51) compared to that
when a support with 100 nm pores was used (Fig. S17). This is
mainly because fewer nuclei (size of 10-20 nm)* are expected to
infiltrate the 20 nm pores of the support. A short growth time of
8 min restricted the thickness of the intergrown film to 250 nm
(Fig. S6t1); yet these thin films yielded attractive separation
performance (discussed in the next section). We emphasize that
the growth time can be further reduced by optimizing the
precursor mixing, and 8 min is not the limiting time. For
example, we observed an increase in the crystallization kinetics
by almost eliminating the dwell time by using a Y-configuration
mixing instead of a separate mixing tank (Fig. S7at). In this way,
a well-intergrown ZIF-8 film could be obtained in 6 min (Fig.-
S7bt). The only caveat of this approach is that since the
precursor flow is laminar, sufficient precaution should be taken
to ensure proper mixing of the precursor solutions. Another
possible route for further reducing the growth duration is by
making use of the accelerated growth kinetics at an elevated
temperature similar to what was demonstrated recently for the
crystallization of the zeolite ZSM-5.>°

Gas tr: ansport measurements

The gas transport measurements serve as a decisively indicative
test for ascertaining the quality of a polycrystalline membrane.
The single gas permeances as a function of the kinetic diameter
of gases for the 8-min-grown ZIF-8 membrane, on a support
hosting 20 nm pores, are shown in Fig. 4a. The membrane
yielded an attractive H, permeance of 1.55 x 10" ® mol m >s™*
Pa~' and an ideal H,/CHj, selectivity of 11.6 at room tempera-
ture, well above the corresponding Knudsen selectivity (2.8). As
expected from a high-quality ZIF-8 membrane, the permeance
of gases decreases as a function of the kinetic diameter (Fig. 4b).
The H,/C3;Hg selectivity of 2433 and an attractive C;Hg/C3Hg
selectivity of 30.9 underscores the well-intergrown nature of the
ZIF-8 membrane synthesized in just 8 min. Gas permeation
measurements were also carried out on the ZIF-8 membrane
synthesized on a support hosting 100 nm pores. These
membranes also yielded attractive H, permeances in the range
1.0 X 107 °t0 2.1 x 10 °* mol m 2 s~ " Pa~* with H, selectivity
with respect to other gases increasing significantly as a function
of the kinetic diameter (Fig. 4c and d). Data from four separate
ZIF-8 membranes are reported in Table S1t confirming the
highly reproducible nature of the CUSP method to synthesize
high-quality ZIF-8 membranes.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Gas permeance from ZIF-8 membranes as a function of the
kinetic diameter of gases at 25 °C. (a) Data from membranes grown in
8 min on an AAO support with a 20-nm-sized pore opening. (c)
Average permeance data from membranes grown for 12, 15 and 20
min on AAO with a 100-nm-sized pore opening. The corresponding
ideal selectivities of H, with respect to other gases are shown in (b) and
(d), respectively.

The versatility of the CUSP approach

The CUSP approach allows one to synthesize well-intergrown
MOF films, beyond the ZIF-8 framework, in a short time. For
example, by changing the metal precursor to cobalt, a ZIF-67
film could be synthesized by the CUSP method (Fig. 5a and b).
The reaction of HmIm with Co>" is much faster than with zZn**,”
and therefore, the grain size in ZIF-67 film is larger than that in
the ZIF-8 film when the synthesis time was 15 min. As a result,
the thickness of the ZIF-67 film was 960 nm. We also extended

the CUSP approach for the synthesis of hybrid membranes by

View Article Online
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simply switching the precursors. In this way, a hybrid ZIF-8/ZIF-
67 membrane could be prepared (12 min growth for ZIF-8, and 8
min growth for ZIF-67; Fig. 5¢ and d). Attractive H, permeance
and H,/CH, selectivity from the ZIF-67 membrane (1.9 x 10 °
mol m™>s ' Pa " and 9.1, respectively) and hybrid ZIF-8/ZIF-67
membrane (2.3 x 10 ® mol m > s ' Pa~" and 9.3, respectively)
confirm the versatility of the CUSP method for other MOF
frameworks (Table S17).

Furthermore, the CUSP approach could be used to synthe-
size highly intergrown sub-1-um-thick ZIF-90 film. ZIF-90 is
another stable nanoporous material in the ZIF family, and
possesses a similar structure to that of ZIF-8, with 2-imidazo-
lecarboxaldehyde (HIca) instead of HmIm linking the Zn
nodes.'® The carbonyl group of HIca makes ZIF-90 more
hydrophilic and organophilic than ZIF-8.*® The crystallization of
sub-1 um-thick ZIF-90 has proven to be challenging because the
heterogeneous nucleation of ZIF-90 on a support surface is poor
(Fig. S8t). Also, the ZIF-90 films are typically synthesized in
dimethylformamide (DMF) or methanol as a solvent where
films have a high tendency to develop cracks during the acti-
vation, ie. removal of solvent (Fig. S9f). To the best of our
knowledge, there are only a few reports on polycrystalline ZIF-90
membranes.*»*® Except for one report, all ZIF-90 membranes
were thicker than 5 pm. For example, Huang et al. reported
about 20 um-thick ZIF-90 membrane by covalent functionali-
zation of the support followed by solvothermal synthesis at 100
°C for 18 h, yielding H, permeance of 2.5 x 10~ mol m > s *
Pa ' and H,/CH, selectivity of 15.2 at 200 °C.>* Nair and co-
workers reported a 5 pm-thick ZIF-90 membrane on seeded
Torlon fiber by solvothermal synthesis at 65 °C for 4 h.*®
Recently, Jeong et al. applied a post-synthetic linker exchange
approach to convert the top layer of ZIF-8 into ZIF-90.*
However, the minimum time of effectively exchanging ZIF-8 to
ZIF-90 was 2 days.

Fig.5 SEMimages of (a) ZIF-67 and (c) ZIF-8/ZIF-67. (b and d) are the corresponding cross-sectional views of films in (a) and (c), respectively. (e)
The elemental mapping of the cross-sectional view of the film in (d). All scale bars correspond to 1 um. In (e), red, green and blue correspond to

Co, Zn and Al, respectively.

This journal is © The Royal Society of Chemistry 2020
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Fig.6 SEMimages of ZIF-8/ZIF-90 film: (a) top view, (b) cross-sectional view and (c) the corresponding elemental mapping. (d) FTIR plots of ZIF-
8 film, ZIF-90 powder, and hybrid ZIF-8/ZIF-90 film. (e) XRD of ZIF-8 and hybrid ZIF-8/ZIF-90 films. (f) The enlarged XRD pattern showing the
minor shift and broadening of the (110) peak in (e). All scale bars correspond to 1 um.

In the CUSP approach, by switching the precursor solution for
ZIF-8 to that for ZIF-90, aqueous-precursor-solution-based ZIF-90
films could be synthesized for the first time. This was also achieved
in a relatively short time compared to the literature, i.e. 20 min at
room temperature (Fig. 6a—c). Briefly, to increase the affinity of ZIF-
90 crystals to the substrate, a defective layer of ZIF-8 was synthe-
sized prior to the ZIF-90 growth where the ZIF-8 layer acts as a seed
for the growth of ZIF-90 film (Fig. S10a and bt). The elemental
analysis of the film cross-section clearly shows that the ZIF-90 film
was crystallized on top of ZIF-8. The existence of ZIF-90 is further
confirmed by FTIR wherein the ZIF-8/ZIF-90 film shows a charac-
teristic carbonyl stretch at 1675 ecm ™" (Fig. 6d). The X-ray diffrac-
tion (XRD) patterns (Fig. 6e) exhibit high crystallinity of the ZIF-8
layer as well as the hybrid ZIF-8/ZIF-90 film, while a minor shift
and broadening of all peaks were observed for the hybrid film
(Fig. 6f). The peak shifts are consistent with the simulated XRD
patterns of ZIF-90 crystals."'® The prepared hybrid ZIF-8/ZIF-90
membrane shows excellent H,/CH, selectivity up to 19.2 and high
H,/C3Hg and C3H/C3Hjg selectivities of 107.1 and 10.7 respectively
(Table S1t). It is noted that the underlying ZIF-8 layer of the
composite film was intentionally made defective (Fig. S10at). The
high selectivities observed from the composite film confirm that
the defects were fully covered by the ZIF-90 layer. Overall, the
hybrid ZIF-90 membranes synthesized here performed better than
ZIF-90 membranes in the literature (Table S21).

Conclusions

Overall, we report a rapid yet versatile solvothermal crystalli-
zation approach for the synthesis of well-intergrown poly-
crystalline MOF membranes in a few minutes at room

7638 | J Mater. Chem. A, 2020, 8, 7633-7640

temperature. This was achieved by the CUSP approach which
maintains the concentration of growth precursors, sustaining
a high growth rate and hindering the Ostwald ripening. ZIF-8
membranes synthesized by the CUSP method in 8 min at room
temperature exhibited similar performance to that of the state-
of-the-art ZIF-8 membranes. We also demonstrated the versa-
tility of this approach by synthesizing well-intergrown gas-
sieving ZIF-67 and ZIF-90 membranes, making this approach
highly attractive for the synthesis of MOF films.

Experimental section
Synthesis of ZIF-8 film

Two kinds of AAO substrates (pore opening: 20 nm and 100 nm
respectively, diameter: 13 mm, Whatman), were used as
substrates in this study. AAO substrates were sonicated in water
for 20 min to remove surface contaminations. The ZIF-8 nuclei
film on these substrates was prepared by the electrophoretic
deposition method.*>*

For crystallization using the CUSP approach (Fig. 2a and
S11t), two peristaltic pumps (PP1300, VWR) were used to
continuously supply the precursor solutions into the mixing
chamber. A valve was mounted on the downstream of the tube
to control the flow rate of the solution flowing out. The flow
rates of the zinc nitrate and the HmIm solutions were set at 2.0
and 2.3 mL min ", respectively. The precursors were introduced
into a mixing chamber and stirred continuously. The “dwell
time” was determined as the time from the first droplets
entering into the chamber to the first droplet coming out of the
chamber. After a predetermined dwell time, the downstream
valve was opened to introduce the thoroughly mixed precursor

This journal is © The Royal Society of Chemistry 2020
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solution to the substrate coated with a nuclei film. The rate of
outward flow from the mixing chamber was regulated to
maintain the precursor solution at a constant level in the
chamber. The downstream tube was positioned 1 cm above the
upper side of the substrate and held in position by a clamp
(Fig. S111). The ZIF-8 precursor solution was added dropwise on
the substrate which was held at an angle of ca. 36° and the
duration of this process was determined as “growth time”. After
a certain growth time, the obtained ZIF-8 membrane was rinsed
with deionized water and was allowed to dry at room
temperature.

Synthesis of other ZIF films

The ZIF-67, the hybrid ZIF-8/ZIF-67, and the hybrid ZIF-8/ZIF-90
membranes were synthesized using a similar method to that
used for the ZIF-8 membranes. The key differences are
described below. For the ZIF-67 membrane, a cobalt nitrate
solution was used as the metal precursor. For hybrid ZIF-8/ZIF-
67 and ZIF-8/ZIF-90 films, a ZIF-8 film was synthesized at first.
Then, for ZIF-67, the metal precursor was changed to the cobalt
nitrate solution, and for ZIF-90, the ligand precursor was
changed to the Hlca solution. After rinsing the ZIF-8 film, a layer
of ZIF-67 and ZIF-90 was directly synthesized on top of the ZIF-8
film.
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